ABSTRACT Using direct observations with the scanning electron and optical microscopes, simultaneous measure!'. ients of fracture resistance versus crack length (R-curve behavior) and crack kteractions with microstructural features at the crack tip and in its wake were r.iade. Selecting whisker-reinforced aluminas and selfreinforced silicon nitrides, one can examine the effects of systematic modifications of microstructure and composition on the R-curve response and the mechanisms giving rise to it. Specifically, increases in whisker content and size can increase the H-Curve response, even for short crack lengths. In the self-reinforced silicon nitrides, changes in a1umina:yttria additive ratios also modify the R-curve. Modeling of the R-curve response allows one to verify toughening mechanisms and, with experimental studies, to optimize the ff-curve behavior in ceramics containing microscopic reinforcements, e.g., whiskers and elongated grain structures.
INTRODUCTION
Earlier studies revealed that the steady-state toughness of Sic whiskerreinforced aluminas could be increased by raising the whisker content and by incorporating whiskers of larger diameters.l12 Recently, it was shown that the R-curve response was also influenced by these same factors.3 Constitutive models, based on crack-bridging mechanisms, agree well with experimental results;l&5 however, more recent studies reveal that contributions from crack deflection by the whiskers must also be considered.6 These findings provide very useful insights into how the fracture resistance behavior of both whiskerand self-reinforced ceramics can be tailored.
A possible analogue to the whisker-reinforced ceramics exists in the selfreinforced ceramics, specifically the self-reinforced beta silicon nitrides. Betasilicon nitride ceramics typically incorporate amorphous phases, which can often also be partially crystallized, and exhibit elongated grain structures, even in very fine grained materials. Promotion of the growth of a portion of these elongated grains can be accomplished by the addition of beta particles to the starting powders, which are primarily alpha phase. A refinement of this approach is to use elongated beta seeds,7 rather than "equiaxed" beta particles. This refinement can enhance the formation of large elongated beta grains and, to some extent, serve to control the content of these larger elongated grains. Under the proper conditions, these elongated beta grains act as a reinforcing phase resulting in an increase in the fracture resistance with extension of a crack. As shown earlier, the plateau or steady-state value of the toughness can increase with increase in the diameter of the larger elongated beta grains;B?g the increase in alignment of these larger elongated grains that can be achieved with the use of elongated beta seeds appears to further enhance this effect7
However, the presence of large elongated beta grains apparently is not sufficient to generate strong /?-curve effects or toughening. Indeed, there are examples of silicon nitride ceramics containing larger elongated grains that exhibit negligible improvements in toughness.10 In these silicon nitrides, the crack is not deflected by the large elongated grains, but rather propogates through these grains. Thus, the elongated grains do not act as a reinforcement; similar behavior is observed in some Sic whisker-reinforced aluminas. The latter has been attributed to either much stronger interfacial bonding between the whisker and matrix and/or to surface topological features or internal defects that tend to weaken the whiskers.295 There is evidence in whisker-reinforced aluminas that oxygen enrichment combined with carbon depletion in the whisker surface region1 1 is one factor in reducing the reinforcement effect, suspected to be related to the formation of a strong interfacial bond. this is the case, could a similar phenomenon occur in silicon nitride ceramics?
It has been shown in studies of beta-silicon nitride whiskers embedded in oxynitride glass matrices that interfacial debonding can be influenced by the composition of the oxynitride giass.12 As interfacial debonding becomes more difficult, crack deflection and crack bridging by the elongated beta grains should diminish the toughening effects due to the presence of such grains. Thus, the present study seeks to determine the influence on the R-curve response of the reinforcing phase in Sic whisker-reinforced ceramics and the composition of the densification additives in self-reinforced silicon nitrides.
Assuming EXPERIMENT PROCEDURE
Two groups of fully dense Sic whisker-reinforced alumina composites were fabricated by hot pressing whisker-powder mixtures.3 The first group included fine grained (1 -2 pm) alumina composites containing 4, 10, and 20 vol. Yo whiskers prepared from one source of -0.8 pm diameter Sic whiskers.a The second group was also based on a fine grained alumina matrix with 20 vol. o/o whiskers but used two different whisker sizes (i.e., the average diameters were -0 . 4 p m b a n d -2 p m C ) .
The self-reinforced silicon nitride ceramics were prepared combining 2 wt. O/O elongated beta-silicon nitride seeds with a mixture of Ube E-IO silicon nitride matrix powder and alumina plus yttria densification aids. Three different amounts of densification additives were added to the silicon nitride matrix: 1 wt. % alumina plus 6.25 wt. Yo yttria, 2 wt. Yo alumina plus 5 wt. % yttria, and 2.8 wt. % alumina plus 4 wt. YO yttria. The three final mixtures were each used separately to form a slurry which was then tape cast, cut, stacked, pressed and dried. The pieces were then gas pressure sintered at 1850°C at a nitrogen a SC-9 whiskers (a phase plus some p phase) with an average diameter of -0. 8 The R-curve responses of the above materials were investigated using an applied moment double cantilever beam (DCB) geometry13 with the crack plane oriented normal to the plane containing the length of the Sic whiskers or the elongated beta-silicon nitride grains. The DCB samples were precracked with the wake of the precrack removed using a low speed diamond saw, and the loading arms attached with epoxy adhesive. Using direct stereo microscopy observations during back cutting of the crack wake, it is possible to routinely produce initial crack lengths of 50 to 100 pm. The DCB samples were, then, tested using a moduled that fits on the stage of either an optical microscope@ or A comparison of the R-curve response for alumina composites incorporating whisker lots of two different diameters is shown in Figure 3 . This is not an ideal Figure 3 . With increase in the average Sic whisker diameter, the R-curve response of the fine grained alumina matrix composite is enhanced.
Observations of crack propagation during the tests show that the crack tip is often deflected along one edge of a whisker and subsequently cut throught the whisker at a point away from where it intercepted the whisker, Figure 4a . At other times, the crack was arrested at the whisker until the applied stress intensity was increased, and then the crack tip apparently advanced around the circumference of the whisker and reappeared in the matrix ahead of the whisker. This process appears to generate a bridging whisker in the crack tip wake, see sequence in Figure 4 a and b. This example is considered to be representative of "frictional bridging" whisker~3~4 which typical fail within the zone close behind the tip but give rise to a rapid increase in the R-curve during the initial extension of short cracks. Less frequently, the whisker-matrix interface completely debonds for a detectable distance from the main crack plane. As such they contribute to a further increase in the R-curve by either a frictional pull-out process (Figure 4c ), or frictional processes involving bending and rotation against the matrix (Figure 4d ). These direct observations6 further support previous evidence for the crack wake processes of frictional bridging, whisker pullout, and rotation. More importantly, they also show that the deflection of the crack tip is also a contributing factor. The actual step of crack tip deflection modifies the initial (or intercept) value of the fracture resistance, e.g., similar to that due to increases in matrix toughness. From the in-situ observations, it can be concluded that crack deflection, "frictional bridging" and pull-out process are activated during crack extension in SIC whisker-reinforced alumina. However, it should be realized that among these three mechanisms, crack deflection increases the toughness of the material in the crack tip region rather than being a crack wake toughness contributor. Based on this interpretation, our previous bridging model for 6 R-curve was modified to include a crack-deflection contribution, see Figure 5 .
The R-curve for a 20 voi.% Sic whisker (0.75 pm diameter)-reinforced alumina was calculated using both the "deflection plus bridging" model and the "bridging" only model. 6 The KO value used in the "deflection plus bridging" model is 4.2 MPavm instead of the 2.8 MPavm used earlier in the "bridging" model.3 Based solely on comparisons of the two predictions with the experimental data, it is still difficult to decide which model is correct. Obviously, thorough in-situ observations provide the necessary evidence to conclude that crack tip deflection is an important component of the toughening mechanisms in this case. From these studies, we can see that increases in whisker content can result in a more rapid rise in the R-curve response and a greater steady-state toughness value. Use of larger diameter whiskers can have similar effects. With crack tip deflection by the reinforcing phase, the short crack fracture resistance can be substantially enhanced as well; a factor that, along with frictional bridging, could be significant in strength distributions and damage resistance. Each of these factors will be modified by the strength and shape or roughness of the whiskers and can be altered by the surface chemistry of the whiskers.1911
INFLUENCE OF ELONGATED GRAIN SIZE AND ADDITIVE COMPOSITION ON
As with the whisker-reinforced aluminas, an increase in the diameter of the elongated grains can enhance the R-curve response and toughness of silicon nitrides, Figure 6 . However as noted earlier, the presence of larger elongated beta grains does not ensure significant R-curve response or toughening. One area that must be addressed is the effect of the additive composition used to densify the silicon nitride. Specifically, could the composition of the additives modify the strength of the interface between the large eiongated beta grains and the amorphous binder phase?
.. - Recent studies show that the formation of SiAlON layers on the Si3N4 grains inhibits the interfacial debonding that is required to produce the bridging grains and high to~ghness.12,~~ On the other hand, Peterson and Tien argue that thermal expansion mismatch stresses account for the differences in toughening effects observed with changes in additive chemistry.15 At the same time, changes in additive composition (and processing conditions) can alter the microstructure (e.g., the number and size of the larger elongated grains). In fact, the data shown in Figure 6 represent a hot pressed, very fine grained Si3N4 using a MgO additive and a gas pressure sintered, self-reinforced ceramic using a Yb2O3 additive. Under these circumstances, it is impossible to determine the significance of each microstructural component (e.g., residual stresses in grain boundary phase, interface structure and strength, grain shape and size). A more fruitful approach is to systematically modify each of these, and Hirao et a/. developed a process of using elongated beta seeds that allows one to control the size and fraction of the larger elongated grains in the self- Therefore, samples were prepared using the elongated beta seeds to regulate the volume content of larger elongated grains, where the ratio of alumina to yttria in the additive mixture was varied. The total amount of the weight fraction of additives was kept constant, while the yttrium to aluminum ratio was changed from 3:l to 2 3 (based on equivalent percentages). The average diameter and content of the large eloiigated grains were similar in these three materials. The R-curve response in : eif-reinforced silicon nitrides fabricated with three different ratios of yttria to alumirla additions is shown in Figure 7 . These initial results indicate that the additbie composition does indeed alter the /?-curve response. However, recent studies show that interfacial debonding is inhibited with the formation of a SiAlON growth layer on beta grains and that the initial SiAlON layer growth rate is simply decreased with increased Y:AI ratios. After the initial consolidation step at 1700°C for -5 minutes, 0.2 pm SiAlON growth layer was detcted for whiskers embedded in a 1 Y:7 AI Oxynitride glass while no film was detected in the glass with a 3.5 Y: 1 AI ratio. However, an -0.2 pm thick
SiAlON layer was detected in the 3.5 Y: 1 AI ratio glass system after a subsequent anneal at 1600°C one hour. Therefore, a SiAlON shell should be (and indeed is) present on the larger elongated grains in the three ceramics used to generate the data in Figure 7 as they are processed at 1850°C for 6 h providing ample conditions for SiAlON formation. Thus, we can not attribute the increase in the R-curve responses in Figure 7 to the absence of SiAlON at the interface between the larger elongated P-Si3N4 grains and the boundary g i asses.
Studies of the SiAlYON glasses reveal that the softening temperatures, thermal expansion coefficients, and Young's moduli increase with Y:AI ratio16 such that the calculated thermal mismatch stresses would also increase. In the selfreinforced ceramic case, thermal expansion mismatch (TEM) stresses may be more important in interfacial debonding than was the case where the p-Si3N4
whisker is embedded in a glass matrix.'2 The interfacial residual stresses were addressed for the case of an elongated grain surrounded by a glass film embedded in a matrix comprised of fine grains and glass, Figure 8 . surrounded by a thin shell of glass of thickness t which were embedded in a matrix of silicon nitride with 8 % glass phase. For a very thin glass shell, the radial stress acting on both the elongated grain/shell and the sheiVmatrix interfaces i s compressive in nature. With increase in the thickness of the glass shell surrounding the elongated grain, the radial residual stresses imposed on the interfaces become tensile.
Using just the mismatch in properties, one can see that the glass film will be subjected to a residual hydrostatic tensile stress which will increase with Y:AI ratio. However, the interface between the large elongated grain and its glass film will be subjected to radial compression as will the interface between this glass film and the "matrix." With increase in the Y:AI ratio in the additive, this stress increases and interfaciai debonding ought to be more difficult. On the other hand, the compressive radial stress imposed on the interfaces decreases with increase in the thickness of the glass film around the elongated grain. In fact, they become tensile in nature as the film thickness continues to increase.
Increases in the thermal expansion mismatch (i.e.$ as with increase in Y:AI ratio) should result in a more rapid change in the radial stress acting on the interfaces with increase in the thickness of the glass film surrounding the elongated grain. Thus above a critical glass film thickness, the ceramics using the high Y:AI ratio would experience greater tensile interfacial radial stresses than those in the system incorporating the low Y:AI ratio glass. This would promote interfacial debonding and grain bridging in the silicon nitrides containing additives with increased Y:AI ratios.
The greater thermal expansion mismatch based on the properties of oxynitride glasses with greater Y:AI ratios could, then, be the major factor in the more rapid rise in the R-curve and the greater steady-state toughness observed in selfreinforced silicon nitrides prepared with the higher yttria to alumina additive ratios. We also find that the formation of SiAlON growth layer on the larger elongated grains does inhibit debonding; therefore, self-reinforced silicon nitrides that eliminate alumina as an additive might provide further improvements in the R-curve response.
CONCLUSIONS
Ceramics reinforced with microscopic rod-like phases can exhibit R-curves that rise rapidly with initial crack extension as well as high steady-state toughness values. Results show that the initial increase in the measured fracture resistance can become more substantial with increase in whisker content in SIC whisker-reinforced aluminas. In-situ observations indicate that the rising fracture resistance can be attributed to deflection of the crack tip and whiskers that bridge the crack tip wake. Both processes are enhanced with increase in whisker content resulting in the increase in fracture resistance for extension of small cracks. Increases in whisker diameter apparently generate similar effects probably by enhancing crack bridging3 The increase in fracture resistance with the extension of cracks beyond 300 pm in length with whisker content and diameter is dominated by frictional processes, e.g., pull-out and rotation.
Self-reinforced silicon nitride ceramics can also exhibit substantial R-curve behavior; however, this is not observed in all silicon nitrides containing larger elongated beta grains. Observations reveal that changes in the composition of the densification additives can modify the R-curve response. Specifically, increases in the yttria to alumina ratio are found to promote the initial rise in the fracture resistance as well as the resistance for continued crack extensions. Initial considerations indicate that this is likely due to changes in the residual thermal expansion mismatch stresses with boundary glass phase composition.
However, separate studies reveal that when a SiAlON layer is formed during the growth of the reinforcing elongated grains interfacial debonding is inhibited. On the other hand, glass, hence additive, compositions that eliminate the formation of SiAlON interface layers promote debonding of the glass-beta silicon nitride interface and should, therefore, increase the rising fracture resistance of self-reinforced silicon nitride ceramics. Such interfacial debonding is necessary to activate the crack deflection and bridging processes that enhance the R-curve response.
